Abstract-Fluorescence-based distributed sensing using exposed core microstructured optical fiber has been demonstrated. The optical fiber consists of a suspended optical micro-wire surrounded by a solid jacket, a portion of which is absent to allow access to the evanescent field from the external environment. We demonstrate time-domain distributed sensing by immersing different sections of the fiber in a fluorescent liquid.
I. INTRODUCTION

D
ISTRIBUTED measurement is a commonly stated advantage of sensing with optical fibers and many demonstrations of distributed physical sensors have been reported [1] . For example, distributed temperature sensors have been developed that make use of the temperature dependence of Raman or Brillouin backscatter [1] . In contrast, few reports on distributed chemical sensing exist, particularly for fluorescencebased sensing [2] - [4] . This is despite the fact that fluorescence techniques have long been utilized for sensing applications and many of these techniques can be transferred to an optical fiber platform [5] . The limited success is largely due to challenges in finding both appropriate cladding materials and fluorescent dyes, and the low percentage of evanescent field that is typically available to interact with the chemical analyte [6] . Despite these issues, there exists a real incentive to pursue such a technology because these sensors have potential advantages in applications such as corrosion sensing [7] , [8] , which explicitly require the capacity of distributed measurement for spatially locating corroded areas.
Microstructured optical fibers (MOFs) can be advantageous for fiber-based fluorescence sensing as both the geometry and materials can be tailored to improve the sensing performance [9] . Generally, the evanescent field is only accessed through the distal ends of the fiber [10] or via tapering [11] . Consequently, distributed sensing at an arbitrary position along the fiber is not possible unless the core is exposed, either at discrete points or along the fiber length. Fabrication of exposed core microstructured optical fiber has been demonstrated for both polymer [12] and glass [13] . In this letter, it is demonstrated for the first time, to the best of our knowledge, that microstructured optical fibers can be used for fluorescence-based distributed sensing. This was achieved by performing time resolved measurements when an exposed core MOF was immersed in a fluorescent material.
II. EXPERIMENT
The optical fibers used for the measurements are shown in Fig. 1 [13] . They were fabricated from a lead silicate glass (Schott glass F2) using the extrusion technique. The propagation loss of this fiber was measured using a supercontinuum white light source (KOHERAS SuperK Compact) and the standard cutback measurement technique, and was measured to be 2.7 0.3 dB/m at 800 nm [13] . This value did not differ significantly (approximately 10%) between the excitation and fluorescence wavelengths used in this experiment (785 and 833 nm). The triangular core section has a core diameter of 3.2 m and is supported by three glass membranes with thicknesses ranging from 350 to 720 nm.
The experimental setup used is shown in Fig. 2 . Coupling into the exposed core fiber was achieved by first connecting a multimode fiber coupled continuous-wave (CW) 785-nm diode laser into a modular microscope designed for Raman and photoluminescence spectroscopy (Horiba Jobin-Yvon). By viewing the optical fiber and the focused diode laser beam with a 40 microscope objective (via charge coupled device (CCD) camera and computer monitor), coupling into the optical fiber could be achieved without the need to monitor the exposed core fiber output at the distal end. The CW diode laser was then replaced with a multimode fiber coupled 780 nm diode laser with 2-ns pulse length and 25 kHz repetition rate for the distributed measurements. The fiber coupling of the excitation source to the microscope served to maintain the alignment of the laser beam on the exposed core fiber.
Different locations along the fiber were then immersed into a bath containing infrared active dye (IR-125, Exciton) with a concentration of 50 m in 50% DMSO (dimethyl sulfoxide) and water. Note that the fiber used for the 1.5-m measurement was a different piece of fiber to the other measurements. For the 2.5 m, 2.0 m, and 0.5 m measurements the same fiber was cut back between measurements. That is, the previously immersed sections were removed before continuing to measure for the shorter lengths so that each measurement is essentially independent. The immersed sections were approximately 40 cm long and the end of the fiber was sealed before immersion in order to prevent any dye from entering the holes of the fiber through capillary action. The fluorescence was then coupled into the guided modes of the fiber via evanescent field interactions and passed through the Raman microscope. The fluorescence output signal was filtered to remove the excitation light using a long pass filter and then detected using a time gated photomultiplier tube in photon counting mode (Hamamatsu R928). The signal was analyzed using a modified version of a Sentor 101 distributed temperature sensor (DTS) [14] . A signal was recorded twice for each fiber length and integration times were 10 min. The results are shown in Fig. 3 , showing both measurements for each sample position. Fig. 3 shows that two peaks become visible as the length of fiber between input coupling and fluorescent solution increases. The first peak is a result of reflection from the coupling optics (such as the microscope objective and fiber surface) that was not fully removed by the long pass filter. The second peak corresponds to the fluorescence signal and is seen to shift to longer time delays as the length of fiber is increased, as expected. Some variability in coupling and fluorescence peak heights was observed between measurements. This is likely due to coupling instability into the small cores, particularly when coupling into The longest piece of fiber used, 2.5 m, was found to be close to the range limit for this particular setup. This is due to the relatively high loss of the exposed core fiber compared with conventional silica step index fibers. The effect of this loss can be seen by observing the peak heights in Fig. 3 . For a 0.5-m fiber length there were approximately 10 counts, while for a 2.5-m sample distance the counts were reduced to approximately 40. The spatial resolution is shown to be approximately 0.5 m, which is primarily dictated by the laser pulse duration (2 ns), electronic sampling time (2 ns), and the length of fiber immersed in the fluorescent solution (30-40 cm). Note that the fluorophore used in this experiment was chosen for its short fluorescence lifetime (0.17 ns) [15] . Thus, the resolution would be expected to change if a fluorophore with a significantly longer lifetime is used for a different application.
III. ANALYSIS OF RESULTS
To analyze the results of Fig. 3 , a Gaussian fit was applied locally to each of the peaks. The locations and standard deviations of the peaks are shown in Fig. 4 , while the peak heights are shown in Fig. 5 . Fig. 4 shows that the peak location varies linearly with fluorophore position, as expected. From the linear fit in Fig. 4 it can be inferred that the group index is 1.47 0.2, which is close to the phase index of 1.608 at 800 nm for F2 glass.
The effect of loss has been analyzed by plotting the Gaussian fit peak heights of Fig. 3 in Fig. 5 . Plotting the logarithm of the peak heights against position along the fiber (Fig. 5) shows a near linear fit, and a line of best fit yields a loss value of 10.8 0.7 dB/m. This is significantly higher than the previously measured value. Apart from the additional loss caused by absorption in the fluorophore, it is possible that surface cracks had formed on the fiber surface due to moisture [16] . Further investigation is needed to understand and reduce these losses so that the sensor range can be increased to practical lengths.
IV. CONCLUSION
Fluorescence-based distributed sensing using exposed core microstructured optical fibers has been demonstrated for the first time. This was achieved using a time domain approach where a pulsed laser was coupled into the fiber using a Raman/photoluminescence microscope and the output signal was detected using a photomultiplier tube. The resolution was shown to be 0.5 m, with a range of up to 2.5 m, in accordance with the limitations of this particular experimental setup. Future improvements in the fiber loss, such as by fabricating fibers with cleaner fabrication techniques or higher purity materials, should allow the range to be improved to practical lengths. This will allow for distributed chemical sensing for applications such as corrosion monitoring with sensitivity greater than could otherwise be achieved with standard optical fiber.
